The movement of water accompanying solutes between the cytoplasm and the mitochondrial spaces is central for mitochondrial volume homeostasis, an important function for mitochondrial activities and for preventing the deleterious effects of excess matrix swelling or contraction. While the discovery of aquaporin water channels in the inner mitochondrial membrane provided valuable insights into the basis of mitochondrial plasticity, questions regarding the identity of mitochondrial water permeability and its regulatory mechanism remain open. Here, we use a stopped flow light scattering approach to define the water permeability and Arrhenius activation energy of the rat liver whole intact mitochondrion and its membrane subcompartments. The water permeabilities of whole brain and testis mitochondria as well as liposome models of the lipid bilayer composing the liver inner mitochondrial membrane are also characterized. Besides finding remarkably high water permeabilities for both mitochondria and their membrane subcompartments, the existence of additional pathways of water movement other than aquaporins are suggested.
Introduction
Mitochondrial volume homeostasis is a housekeeping function, thought both to help regulate oxidative capacity [1] , apoptosis [2, 3] , and mechanical signalling and to maintain the structural integrity of the organelle [4] . Mitochondrial volume changes are modulated by the net movement of solutes including K + and Ca 2+ ions across the inner mitochondrial membrane (IMM) [4] [5] [6] . Although a number of mitochondrial transport systems have been identified and characterized for their ability to transport solutes across the mitochondrial membranes [7, 8] , the biophysics, and molecular mechanism and pathways for the movement of water remained completely elusive until the recent identification of an aquaporin water channel, AQP8, in the IMM of liver and many other tissues [9] [10] [11] . AQP8 immunostaining was found to be variable among mitochondria with heavy mitochondria being the more reactive ones. Another aquaporin, AQP9, was then found in the IMM of rat astrocytes and dopaminergic neurons [12] . Inhibition studies with the Hg ++ ion, a known aquaporin blocker [13] , indicated that AQP8 was not the only facilitated pathway for water moving through the liver inner membrane and that Hg ++ -insensitive pathways other than aquaporins could exist in the IMM. Recently, no functional significant aquaporin expression was reported in rat and mouse liver mitochondria by Yang and coworkers [14] . The same Authors concluded that the observed millisecond osmotic equilibration was due to the high surface-to-volume ratio characterizing mitochondria (simple diffusion) rather than a high intrinsic membrane water permeability (facilitated transport). However, no experiments were addressed to evaluate the postulated water conductance of the voltage dependent anion channel (VDAC) and the permeability transition pore (PTP), two extraordinarily large pores of the mitochondrial membranes [2, 7, 15] . Further work is therefore needed to assess precisely the molecular pathways, biophysical properties and regulation of mitochondrial water transport.
In this study, while confirming the high water conductance of the IMM, we define the water permeability of rat liver mitochondria and related subcompartments such as the mitoplast and the outer membrane. The osmotic permeability of brain and testis mitochondria as well as that of liposome models of the IMM lipid bilayer were also defined.
Materials and methods

Isolation of mitochondria and preparation of mitoplasts and IMM and OMM vesicles
Mitochondria were prepared from adult male Wistar rats weighing 250-300 g (Morini, San Polo D'Enza, Italy). Rats were fed with a standard diet and water ad libitum. For all experiments, rats were decapitated after anesthesia and their livers, brains or testes were quickly removed and processed depending on the specific preparation. For the isolation of mitochondria, organs were homogenized with a Potter-Elvehjem homogenizer (4 strokes in 1 min at 500 rpm) in an isolation medium consisting of 220 mM mannitol, 70 mM sucrose, 20 mM TrisHCl, 1 mM EDTA and 5 mM EGTA, pH 7.4. The homogenate was centrifuged at 500×g for 10 min at 4°C and the pellet consisting of nuclei and unbroken cells was discarded; the resulting supernatant was centrifuged at 6000×g for 10 min at 4°C and the related pellet was washed twice before being resuspended in isolation medium to which a cocktail of protease inhibitors had been added (1 mM PMSF, 1 mM leupeptin, 1 mM pepstatin A). Mitoplasts and vesicles of the outer and inner mitochondrial membrane were prepared as previously described [10] . The protein concentration was assayed by the Lowry method. All chemicals used for the preparations except digitonin (Calbiochem, La Jolla, CA) were from the Sigma Chemical Company (St. Louis, MO).
Immunoblotting analysis
Aliquots (60 μg of proteins) of isolated mitochondria, mitoplasts, or OMM and IMM vesicles prepared as above were heated to 90°C and electrophoresed in an SDS/13% acrylamide gel (Mighty Small II, Amersham Biosciences, CA) using a low molecular weight protein ladder (Amersham Biosciences, Buckinghamshire, UK). The resolved proteins were transferred electrophoretically onto nylon membranes that were blocked in 5% (w/v) low fat milk in blocking buffer (20 mM Tris-HCl, 0.15 M NaCl, 1% Triton X-100, pH 7.5) for 1 h, and further incubated with affinity purified rabbit antibodies against VDAC (Abcam, Cambridge, UK), anti-prohibitin antibodies (Abcam, Cambridge, UK) or an immune serum directed to two peptides (QHASKQIAADKQYK and YDTAKGMLPDPKNVH) being conserved in all three isoforms of the adenine nucleotide translocator (ANT) kindly provided by Dr. Catherine Brenner at a final concentration of 2 and 1 μg/mL blocking solution, and a dilution of 1:1000 with blocking solution, respectively. Horseradish peroxidase antirabbit IgG treated membranes (anti-rabbit IgG peroxidase antibody, Sigma) were developed by luminal-chemiluminescence (ECL-Plus, Amersham Biosciences, Buckinghamshire, UK).
Electron microscopy
Pellets of the whole liver intact mitochondria, mitoplasts, outer and inner mitochondrial membrane vesicles, respectively, were fixed in a mixture of 3% paraformaldehyde and 1% glutaraldehyde in 0.1 mol/l PBS at pH 7.4 for 4 h at 4°C. Specimens were postfixed in 1% OsO 4 in PBS for 60 min at 4°C. Fixed specimens were dehydrated in ethanol and then embedded in Epon (TAAB, Reading, England). Ultrathin sections were mounted on Cu/Rh mesh grids. Finally, the sections were stained with uranyl acetate and lead citrate and observed using a Zeiss EM 109 electron microscope (Zeiss, Oberkochen, Germany).
Liposome technology
Liposomes with simple lipid bilayer membranes were prepared at 23 ± 1°C by bath-sonicating a lipid solution composed of cardiolipin:phosphatidylethanolamine:phosphatidylcholine:phosphatidylinositol:sphingomyelin:cholesterol (18.5%:34.0%:39.5%:4.5%:2.0%:1.5%, respectively), corresponding to that of the rat liver inner mitochondrial membrane [16] . The lipid mixture was vortex mixed and incubated for 20 min at 0°C. Liposomes were then formed at room temperature by rapidly injecting the mixture through a 23-gauge needle into 25 ml of the buffer used for preparing the mitochondria (isolation buffer) with a cocktail of protease inhibitors added to it.
Stopped flow light scattering
The size of the mitochondria, OMM and IMM vesicles, and artificial liposomes employed for the stopped-flow measurements was determined both with an N5 Submicron Particle Size Analyzer (Beckman Coulter Inc., Palo Alto, CA) and by morphometric analysis of electron micrographs. The time course mitochondrial, mitoplast, vesicular or liposome volume change was followed from changes in intensity of scattered light at the wavelength of 450 nm using a Jasco FP-6200 (Jasco, Tokyo, Japan) stopped-flow reaction analyzer which has a 1.6 ms dead time and 99% mixing efficiency in <1 ms. The sample temperature (20°C in all experiments except the ones carried out to calculate of the Arrhenius activation energy) was controlled by a circulating water bath. Light scattering experiments were performed as previously described [10] . Briefly, 35 μl of a concentrated vesicle (or liposome) suspension was diluted into 2.5 ml of a hypotonic (220 mosM) isolation medium (124 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl, 1 mM EDTA and 5 mM EGTA, pH 7.4). One of the syringes of the stopped-flow apparatus was filled with the specimen suspension, whereas the other was filled with the same buffer to which mannitol (or, in some experiments, sucrose) was added to reach a final osmolarity of 500 mosM in order to establish a hypertonic gradient (140 mosM) upon mixing. The final protein concentration after mixing was 100 μg/ml. Immediately after applying a hypertonic gradient, water outflow occurs, and the vesicles shrink, causing an increase in scattered light intensity. The data were fitted to a single exponential function and the related rate constant (K i , s − 1 ) of the water efflux out of the analyzed specimen was measured. The osmotic water permeability coefficient (P f ), an index reflecting the osmotic water permeability of the vesicular membrane, was deduced from the K i as described [17] , using the equation:
where K i is the fitted exponential rate constant, V 0 is the initial mean vesicle volume, A v is the mean vesicle surface, V w is the molar volume of water, and ΔC is the osmotic gradient. The medium osmolarity was verified by freezing point depression, using a Halbmikro-Osmometer (Knauer, Berlin, Germany). In some experiments, the samples were incubated for 5 min in isolation medium deprived of EGTA and EDTA and containing 300 μM HgCl 2 , a sulfhydryl compound known to block mammalian aquaporins, including AQP8 [13] . In other experiments, to verify the blocking action of the Hg ++ ion, the HgCl 2 treatment of the samples was followed by a 15 min exposure to 10 mM of the reducing agent β-mercaptoethanol. In order to evaluate whether the size of the experimental specimens was altered as a consequence of the Hg ++ treatment, samples of each specimen were analyzed by quasi-elastic light scattering (N5 Submicron Particle Size Analyzer). The osmotic water permeability coefficient (P f ) was calculated as described in our previous work [10] . The temperature dependence of osmotic water permeability in the liver mitochondria was assessed by determining the Arrhenius activation energy (E a ) calculated by measuring the K i of the mitochondria at 5, 15, 25 and 37°C.
Results
Mitochondria, mitoplasts, liposomes and vesicles of the outer and inner mitochondrial membranes
Mitochondria were isolated from rat liver by a gravitational approach (6000 × g fraction) and then used to prepare mitoplasts, and OMM and IMM vesicles as well (see Materials and methods for details). The quality of the preparations was evaluated by immunoblotting and electron microscopy. The immunoreactive bands detected by using polyclonal antibodies directed against marker proteins of the outer membrane, the voltage dependent anionic channel (VDAC) and the inner membrane, the adenine nucleotide translocator (ANT) and prohibitin are shown in Fig. 1A -C. As proof of the quality of the preparations the VDAC, ANT and prohibitin immunoreactivities were enriched in the OMM and IMM subcompartments, respectively (Fig. 1A-C and Table 1 ). Consistent with the above immunoblotting pattern as well as with our previous studies [10] high enrichment of mitochondria, mitoplasts, and OMM and IMM vesicles was observed in the gravitational pellets analyzed by electron microscopy ( Fig. 2A, B) . The mean diameters of the OMM and IMM vesicles as well as the ones of the IMM artificial liposomes used for the stopped-flow light scattering experiments (see below) were measured both by a particle size analyzer and morphometric analysis of electron micrographs (0.191 ± 0.08, 0.281 ± 0.08 and 0.193 ± 0.029 μm, respectively).
Stopped flow light scattering analysis
Stopped flow light scattering was performed to characterize the overall water permeability of mitochondria, mitoplasts and the OMM and IMM vesicles. Liposomes were prepared as an experimental model to assess the extent of the IMM's diffusional water permeability.
Liver mitochondria, mitoplasts or vesicles were subjected rapidly to a hypertonic osmotic gradient (140 mosM) created by mannitol, and the time course of the related shrinkages was followed from the increase in scattered light. The data were fitted to measure the rate constant (K i , s − 1 ) of the water efflux out of the analyzed specimen. In line with our previous study [10] , as well as with the rapid changes of volume which the liver mitochondrial matrix is known to undergo [18] the rate constant of both mitochondria and mitoplasts was high: 22.98 ± 3.7 and 23.74 ± 3.3 s − 1 , respectively ( Fig. 3A, B ; black histograms). The rate constants of whole intact mitochondria (6000 × g fraction) isolated from brain and testis, two organs where AQP8 has been reported to be abundant and absent, respectively, were assessed in order to evaluate potential direct correlation between the high water permeability of mitochondria and the presence of the AQP8 water channel in the IMM [13, 19, 20] . Suggesting no major functional implication for AQP8 in overall mitochondrial water permeability, the K i values of brain and testis mitochondria resulted high and of similar extent compared to the liver counterparts (Fig. 4) . No significant differences were found between the diameters of the isolated brain, testis and liver mitochondria (data not shown).
Stopped flow light scattering was also carried out in order to dissect the water permeability of the liver mitochondrion at the a The intensity of the immunoblotting band detected in the preparation of whole intact mitochondria (Mc) was arbitrarily taken as 100%. Mp, mitoplasts; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane. Fig. 5A, B; black histograms) . These values were much higher than the rate constant of 2.67 ± 1.8 s − 1 related to the simple diffusion of water across liposome models of the rat liver IMM lipid bilayer ( Fig. 5A; LS) . Because the K i is not very informative regarding the extent and nature of membrane water permeability, we decided to calculate the coefficient of the osmotic water permeability, P f , by applying the van Heeswijk and van Os equation [17] . The P f of the liver IMM vesicles was eight times higher than that of the related protein-free IMM liposomes (451 ± 52 vs 57 ± 6 μm s − 1 , respectively; Fig. 5C ) while it was not significantly different from the P f values measured with the brain and testis IMM vesicles (437 ± 61 and 422 ± 49 μm s − 1 , respectively). Calculation of the liver OMM P f was also attempted (411 ± 48 μm s − 1 ), despite the presence of VDAC, a channel freely permeable to molecules up to 1.5 kDa with an exceedingly large pore (20 Å in the outer membrane of Neurospora crassa mitochondria [21] which could mediate a mass movement of fluid i.e. water and solutes across the same pore, simultaneously).
Another series of light scattering experiments was performed using HgCl 2 , a mercurial compound known to block water permeability by acting on the sulfhydryl group of cysteines in the vicinity of proteinaceous aqueous pores [22] . The extent of K i inhibition by the Hg ++ ion for mitochondria and mitoplasts was − 24.8 ± 4.5% and − 47.2 ± 9.4%, respectively (Fig. 3B) , whereas the percentage of rate constant reduction for the OMM and IMM vesicles was − 43.5 ± 11.7% and − 52.1 ± 8.9%, respectively (Fig. 5B) . Similar extents of Hg ++ inhibition of water transport were obtained when the hypertonic osmotic gradient was created by sucrose (Fig. 5D ), an osmolyte of higher molecular mass than mannitol and one that is impermeable across any known aquaporin. Indicating no changes of the kinetics of osmotic equilibration resulting from alterations in vesicle surface-to-volume ratio or aggregation induced by Hg ++ treatment, no significant changes to vesicle diameter were observed with the specimens exposed to Hg ++ (data not shown). All together, these results confirm the existence of Hg ++ -sensitive pathways of water movement. The above inhibitions were reversed after incubation with β-mercaptoethanol (Fig.  5B, D) .
To examine further the molecular mechanism and pathway (s) of water transport across IMM, we decided to determine the Arrhenius activation energy (E a ) of the osmotic water permeability of the whole intact liver mitochondria (6000 × g fraction) from temperature dependence data. Some increase in the rate of osmotic water transport was observed when the mitochondria were subjected to the same osmotic gradient (140 mosM) at increasing temperatures. Arrhenius plotting of the rate constant values at 5, 15, 25 and 37°C resulted in an E a of 2.92 kcal/mole (Fig. 6) , a low value and, therefore, biophysically consistent with water permeation through aqueous pores [17] .
Discussion
The movement of water between the mitochondrial matrix and the cytoplasm underlies the plasticity of the mitochondrial shape and is central in the homeostatic control of mitochondrial volume [23] . This study employed stopped flow light scattering to characterize biophysically the water permeabilities of rat mitochondria, mitoplasts and outer and inner mitochondrial membranes. Experiments with compounds known to block the water permeability of proteinaceous aqueous pores were also carried out. All together, the results indicate that (i) the whole mitochondrion is highly permeable to water, (ii) the water permeabilities of the OMM and IMM are of comparable extent and (iii) in spite of their high surface-to-volume ratio, a feature that can justify millisecond osmotic equilibration, mitochondria possess facilitated pathways for water diffusion other than the AQP8 water channels.
Two important biophysical parameters in characterizing the water permeability of mitochondria and their subcompartments are the rate constant of shrinkage/swelling (K i ) and the coefficient of osmotic permeability (P f ). However, while the P f is very informative on the channel-mediated water permeability, the K i provides limited information as it depends on the P f and the surface-to-volume ratio of the specimen analyzed. In this work, the K i values were used to evaluate the inhibition by the Hg ++ ion and calculate the Arrhenius activation energy (E a ). The P f calculation was not problematic with the OMM and IMM vesicles, while with mitochondria and mitoplasts it was hampered by biophysical (presence of two membranes in series in mitochondria) and morphological (rod-shaped structures of heterogeneous size) constraints. However, a rough estimation of the mitochondrial P f could be speculatively attempted by applying the van Heeswijk and van Os equation [17] and employing the mean length, external surface area and volume value of mitochondria reported by Safiulina and coworkers in a recent paper using confocal microscopy [1] . Such estimation leads to a mitochondrial P f of ≈ 400 μm s − 1 , a value of extraordinarily high extent. Because the single channel water permeability (P f ) of a standard mammalian aquaporin such as AQP1 was reported to correspond to ≈ 6 × 10-14 cm 3 s − 1 [24, 25] , it can be also estimated that mitochondria have a striking density of over 6000 aquaporin-equivalent water channels per μm 2 of external membrane surface area. However, while underlining the high water conductance of mitochondria this estimation does not mean that the intrinsic membrane water permeability of mitochondria is due to aquaporins. The functional significance of aquaporins such as AQP8 and AQP9 in mitochondria has been a matter of debate ever since the overall water or glycerol permeabilities of mitochondria isolated from AQP8 or AQP9 knockout were reported not to differ from those of mitochondria from wildtype mice [14] . This is consistent with our observation that the overall water permeability of brain mitochondria that lack AQP8 water channels corresponds to that of liver and testis mitochondria that, by contrast, have the AQP in question in their IMMs [10] . Because AQP8 shows considerable immunoreactivity in subpopulations of liver mitochondria characterized by their large diameter [10] , it may be reasonable to think that mitochondrial AQP8 might have physiological relevance in heavy mitochondria. Rat liver AQP8 has been suggested to play a role in the metabolism of amino acids by mediating the mitochondrial uptake of NH4+ to supply the urea cycle [26] . Such hypothesis is not supported by a recent work by Yang and coworkers who used AQP8 null knockout mice to provide evidence against physiologically significant AQP8 facilitated ammonia transport [27] . Clues in assessing the functional meaning of mitochondrial AQP8 may come from our preliminary observation that AQP8 is absent in the mitochondrial compartments of immortalized mouse hepatocytes (no apoptosis) and rat spermatozoa (no β-oxidation of fatty acids). Overall, an open question relates to the meaning of the presence of aquaporin water channels in organelles with high surface-to-volume ratio such as mitochondria [9, 10] and secretory vesicles [28] having osmotic equilibration times in the order of tens of milliseconds. The question is currently being fiercely debated [14, 29, 30] and is a matter for further investigation.
The fact that the K i of the mitoplasts and IMM vesicles was only partially reduced by the Hg ++ ion (− 47% and − 52%, respectively), an aquaporin blocker, confirms our previous study [10] and corroborates the existence of additional pathways other than AQP8 mediating the movement of water across the IMM. Further support from the hypothesis of a facilitated pathway comes from (i) the low activation energy associated to the osmotic water transport, (ii) the fact that no significant alterations in size were observed after exposing the mitochondria or the vesicles to HgCl 2 and (iii) the experiments with the liposomes indicating minor importance for water transport through the lipid bilayer. A potentially important candidate in explaining the high water permeability featured by mitochondria is the permeability transition pore (PTP), a polyprotein complex formed at contact points between the inner and the outer mitochondrial membranes known to be directly involved in mitochondrial volume homeostasis [31] . The molecular conductance of PTP is dynamically affected by many factors [15] , a critical aspect in assessing the mitochondrial molecular conductances. Work is in progress in our laboratory to evaluate biophysically the importance of PTP in the mitochondrial water permeability.
The fact that the water permeability found for OMM vesicles was high but of similar extent compared to that obtained with the IMM vesicles was surprising, since the outer membrane is commonly believed to represent a relatively minor barrier (i.e. compared to the IMM) for molecules moving between the mitochondrion and its surrounding cytoplasm [7] . This unexpected result could be due to the fact that in the preparations submitted to light scattering the VDAC, the main route for molecules moving across the OMM [7, 32] , was only partially open. Complete (or almost complete) VDAC closure is known to occur in many ways (including colloidal osmotic pressure created by inaccessible polymers [33] and involve a reduction in the overall conductance of the channel (generally a 50-60% reduction) [34] . An answer to the question may derive from future studies where the water permeabilities featured by outer membranes with VDAC in its open and closed states, respectively, will be specifically addressed.
In conclusion, while biophysically characterizing water movement across the mitochondrion and its subcompartments, this study provides important insights into the knowledge of the homeostatic mechanisms underlying mitochondrial plasticity. The existence of major membrane pathways of water movement other than AQP8 is also suggested. Important insights should be provided from studies aimed at investigating the possible role of VDAC and PTP, both in their open state, in mitochondrial water permeability.
